The lemma, palea, and awn of a barley (Hordeum vulgare L.) spike are photosynthetic organs that supply the developing seed with carbohydrates. The lemma and palea also enclose the seed and protect it from pathogens and insects. Despite the important roles they play, little information exists on gene expression in these organs that identifi es their function. In this study, we compared gene expression among the lemma, palea, awn, and developing seed of barley during grain fi lling using the Barley1 Genome Array to identify highly expressed genes involved in the primary function of these organs. Hierarchical clustering and mixed model analysis revealed that the lemma and palea have closely related gene expression patterns. In addition, the lemma and palea overexpressed defense-related genes compared with the awn. The awn preferentially expressed genes for photosynthesis, the biosynthesis of chlorophyll and carotenoids, and reactive oxygen species scavenging. This suggests the lemma and palea are mainly protective organs whereas the awn is primarily a photosynthetic structure. The seed was enriched with genes for the biosynthesis of starch, storage proteins, enzyme inhibitors, and cell proliferation.
cover the seed, they are thought to play a protective role against pathogens and small insects.
Th e contribution of each spike organ to grain fi lling has not been fully elucidated. Due to its large size, the awn accounts for up to 90% of spike photosynthesis in barley (Ziegler-Jöns, 1989 ) and 40 to 80% in wheat (Blum, 1985) . Th e lemma and palea are the second most prominent photosynthetic organs of the barley spike. Because the lemma and palea tightly adhere to the seed and also recycle respiratory CO 2 released by the seed (Jiang et al., 2006; Tambussi et al., 2007) , it is diffi cult to obtain an accurate measurement of photosynthesis in these organs. Diffi culties in measuring gas exchange in the spike organs can underestimate photosynthesis of the lemma and palea and infl ate that of the awn.
Despite the vital role the lemma, palea, and awn play in the development of the seed, little information is available on gene expression to explain their specifi c functions. To our knowledge, the study presented here is the fi rst detailed comparison of gene expression among the spike organs of barley. In an earlier study using cDNA macroarrays, we showed that the lemma and palea of barley preferentially express genes for photosynthesis, defense, nitrogen metabolism, and structural support when compared with the fl ag leaf (Abebe et al., 2004) .
Th is is consistent with the proposed role of the lemma and palea as sources of carbohydrate and protective organs for the developing seed. However, the awn was not included in that study and the lemma and palea were pooled together, making it diffi cult to determine gene expression in individual organs. Druka et al. (2006) compared global gene expression among 15 barley organs, including the lemma and palea, from eight developmental stages before anthesis and the seed at diff erent grain-fi lling stages. Th e study was intended to serve as a reference for further hypothesis-driven investigations and did not include the awn. Also, the authors used pooled lemma, palea, and glumes instead of individual organs. Our objectives in this study were (i) to compare gene expression patterns among the lemma, palea, awn, and seed of barley during grain fi lling, and (ii) to provide molecular evidence about the primary roles of the lemma, palea, and awn.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Plants of barley cultivar Morex were grown in a controlled environment chamber maintained at 22°C/18°C day/night temperatures, 60% relative humidity, and a 16-h photoperiod with a light intensity of 700 μmoles m -2 s -1
. Plants were grown in 20 cm × 25 cm pots and fertilized using Osmocote (Scotts Company LLC, Marysville, OH) slowrelease fertilizer (N-P-K, 19-6-12) with micronutrients.
Experimental Design
Diff erences in gene expression among the lemma, palea, awn, and seed were determined during grain fi lling (Zadok scale 83; Zadoks et al., 1974) . For each organ, three biological replications were collected on three different dates between 10:00 a.m. and 12:00 p.m. On each of the three dates, one replication of each organ was collected from plants grown in separate pots using a randomized complete block design (Nettleton, 2006) . In this design, organ type was the treatment eff ect and date of sample collection (replication) was the block. To get enough tissue for RNA extraction, each replication for each organ was collected from four plants in the same pot. Pooling samples collected from plants in the same pot was not expected to infl uence inferences made from GeneChip hybridizations (Kendziorski et al., 2005) . RNA from each replicate sample was hybridized to individual Barley1 GeneChips (explained below).
RNA Extraction
Spikelets at the tip and the base of the spike (three to four nodes) were excluded. In addition, 1 cm of the bottom and 2 cm of the tip of the awn were removed. Samples were frozen in liquid nitrogen and stored at −80°C. Total RNA was extracted from 300 to 500 mg of tissue. RNA from the lemma, palea, and awn was extracted with guanidinium thiocyanate (Chirgwin et al. 1979) . Total RNA from the seed was extracted using Tri Reagent (Molecular Research Center Inc., Cincinnati, OH), followed by precipitation of starch with 0.8 M sodium citrate and 1.2 M NaCl according to the manufacturer's recommendation. RNA was further purifi ed by precipitating with 0.1 volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of absolute ethanol. RNA pellets were washed with 75% (v/v) ethanol twice, dissolved in RNase-free water and stored at −80°C until needed.
GeneChip Hybridization and Normalization
Labeling of RNA samples, hybridization to the Barley1 Genome Array, and data acquisition were performed at the Iowa State University GeneChip Facility (http:// www.biotech.iastate.edu/facilities/genechip/Genechip. htm; verifi ed 30 Sept. 2009) according to the Aff ymetrix (Santa Clara, CA) One-Cycle Target Labeling protocol (http://www.aff ymetrix.com/support/technical/index. aff x; verifi ed 30 Sept. 2009). Cell intensity (CEL) fi les generated by the Aff ymetrix GeneChip Operating Software (GCOS v.1.4) were collated into Expression Console v 1.1 (Aff ymetrix) for background correction and normalization using the Microarray Analysis Suite v 5.0 (MAS5) algorithm. Background intensity was corrected as the diff erence between the perfect match and mismatch pair of each probe set. Th e background-corrected signal was summarized into individual gene expression values per chip using Tukey's biweight robust estimate. Finally, normalization was achieved by scaling mean target intensity of each array to 500.
Quality of GeneChip Data
Visual inspection of images of GeneChips showed no serious scratches or spatial variation that would warrant exclusion from the analysis. Quality of probe labeling and hybridization to the Barley1 GeneChips assessed by Expression Console v 1.1.0 (Aff ymetrix) were within the range recommended in the Aff ymetrix GeneChip Data Analysis Fundamentals. Density distributions for the 12 GeneChips were similar without a drastic shift to the right ( Supplementary Fig. S1 ), indicating that this is a high-quality data set with little background problem. In addition, Pearson correlation coeffi cients computed on normalized signal intensities for each independent biological replicate had values between 0.93 and 0.95, suggesting low variability between the replicates.
Analysis of Expression Data
To identify probe sets that showed diff erential expression among organs, the MAS5 expression values were log 2 -transformed and imported into JMP Genomics 3.2 (SAS Institute, Cary, NC) for statistical analysis. First, hierarchical clustering was performed to sort the probe sets and organs into similar groups. Hierarchical clustering was conducted using Euclidean distance to the mean values (average linkage) of each probe set's expression.
To determine diff erential transcript accumulation among organs, ANOVA with a mixed linear model (Nettleton, 2006) was performed for each of the 22,795 probe sets on the Barley1 Genome Array. Th e mixed linear model included log 2 -transformed expression values as the response variables, organ type as the fi xed eff ect, date of sample collection (block) as the random eff ect, and a random residual eff ect (error). Th e model was represented by the equation y ij = μ + τ i + b j + e ij , where y ij is the normalized log 2 signal intensity for organ (treatment) i eff ect in block j, μ is overall mean of log 2 signal intensities common to all observations, τ i is the eff ect attributed to organ i, b j is the block j eff ect, and e ij is a random error due to the variation among experimental units assigned to organ i in block j. An F-statistic was used to test the null hypothesis-H 0 : no diff erential gene expression among organs and the alternative, H 1 : there is diff erential gene expression.
Simultaneous testing of multiple hypotheses leads to false discovery. As a result, genes that are not truly differentially expressed are erroneously called signifi cant.
To reduce the number of false positives and increase the chances of identifying all the diff erentially expressed genes, we used the false discovery rate (FDR) of Benjamini and Hochberg (1995) . Th e FDR is the proportion of true null hypotheses among the total number of hypotheses rejected. In FDR, p values are calculated for each gene individually and ranked from smallest (1) to largest (N). Th en, each p value is multiplied by N and divided by its assigned rank to obtain the corresponding adjusted p value. We used a moderate cut-off (FDR < 0.05) to identify diff erentially expressed genes. An FDR of 0.05 suggests that among all the genes declared signifi cant, 5% of them are expected to be null on average.
Functional Classifi cation and Enrichment Analysis of Organ-Specifi c Genes
Organ-specifi c genes were further categorized according to gene ontology (GO) terms to determine their biological roles. Gene ontology is structured into three independent categories: biological process associated with the gene product, molecular function of the gene product, and cellular component where the gene product is active. For GO classifi cation, annotations for probe sets on the Barley1 Genome Array were obtained from the Blast2GO Functional Annotation Repository (B2G-FAR, http:// www.blast2go.org/b2gfar; verifi ed 30 Sept. 2009). At the time of this analysis, B2G-FAR contained GO annotations for 42% of the Barley1 probe sets. Annotations were imported into the data mining tool Blast2GO v 2.3.5 (Götz et al., 2008; http://www.blast2go.de/; verifi ed 30 Sept. 2009 ) for further analysis.
Generally, coregulated genes function in similar cellular processes (Eisen et al., 1998) . One strategy to determine coregulation is GO enrichment analysis. To identify enriched GO classes, we used the Gossip package (Blüthgen et al., 2005) in Blast2GO. Organ-specifi c probe sets were used as a study set, and the entire probe set on the Barley1 Genome Array was the reference. Th e null hypothesis of the test was represented as H 0 : a GO term is not enriched in the test group and the alternative, H 1 : a GO term is enriched in the test set compared with the reference. Th e null hypothesis was tested using Fisher's exact test with a correction for multiple comparison (FDR < 0.05). A GO class with a signifi cant corrected p value in a given organ indicates that it was highly enriched with a list of genes compared with the reference.
Data Access
All detailed data from these experiments are available at the National Center for Biotechnology Information's Gene Expression Omnibus (www.ncbi.nlm.nih.gov/projects/geo; verifi ed 30 Sept. 2009) as Accession GSE16754. Data fi les have also been deposited at PLEXdb (http:// www.plexdb.org/; verifi ed 30 Sept. 2009), a MIAMEcompliant public resource for gene expression in plants and plant pathogens (Shen et al., 2005) . PLEXdb fi les are categorized under Accession BB73.
RESULTS
Data Analysis Strategy
Th e lemma, palea, and awn are vital sources of photosynthate for the developing seed. Th e lemma and palea also enclose the seed and are predicted to play a protective role. However, there is little molecular evidence to support the proposed functions of these organs. We used the 22K Barley1 Genome Array (Close et al., 2004) to identify genes whose expression suggests a primary role of the lemma, palea, and awn. First, we determined genes preferentially expressed in each organ using a mixed linear model analysis. To gain a better understanding of the processes taking place in the spike organs, we then determined which genes were coregulated by categorizing organ-specifi c genes according to GO classes and GO enrichment (overrepresentation) . If an organ performs a specialized function, GO classes associated with that role are enriched.
Lemma and Palea Exhibit Similar Gene Expression Patterns
Hierarchical clustering using normalized log 2 -transformed signal intensities of all probe sets on the Barley1 GeneChip revealed that the lemma and palea have very similar gene expression patterns and formed a single cluster (Fig. 2) . Even though the awn is an extension of the lemma (Fig. 1 ), its expression pattern was diff erent from the latter and formed a separate group. Th e seed is a complex storage structure ( Fig. 1 ) and contains diff erent tissues. As a result, the seed also formed a separate cluster.
Similar to hierarchical clustering, the mixed linear model analysis of expression signals showed that lemma and palea have gene expression patterns more closely related to each other than to other organs. Pairwise comparison of the two organs identifi ed 458 genes preferentially expressed in the lemma and 434 genes in the palea ( Supplementary Fig. S2 ). Th e diff erence in gene expression between the lemma and the palea is very small compared with the diff erences observed when these organs were individually compared with the awn and the seed ( Supplementary Fig. S2 ). Consequently, inclusion of both lemma and palea in the pairwise analysis signifi cantly reduced the number of organ-specifi c genes overexpressed in either organ. Lemma and palea expressed only 44 and 136 organ-specifi c genes, respectively, compared with 816 awn-specifi c and 3118 seed-specifi c genes (Supplementary Fig S2) .
Because of their similarity in gene expression, GO enrichment analysis did not reveal specifi c biological process terms overrepresented in the lemma and palea. Hence, it was not possible to separate the functions of the two organs. Some of the GO biological process terms represented by probe sets preferentially expressed in the lemma versus palea are shown in Supplementary Table  S1 . A few probe sets for defense response (chitinases and a lipid transfer protein) and the light reaction of photosynthesis (chlorophyll a/b-binding protein) were highly expressed in the lemma. On the other hand, a few probe sets were preferentially expressed in the palea compared with the lemma for aromatic amino acid biosynthesis, glycolysis, and cell wall biosynthesis.
Awns Preferentially Express Genes for Photosynthesis
Enrichment analysis revealed that GO classes for the light reaction and the dark reaction (Calvin cycle) of photosynthesis were overrepresented in the awn relative to the lemma, palea and seed (Table 1 and Supplementary Table S1 ). We detected many components of photosystem I (PSI) and photosystem II (PSII) subunits encoded by nuclear genes. Th is includes chlorophyll a/b-binding proteins, FK506-binding protein-type peptidyl-prolyl cis-transisomerase (involved in the assembly and maintenance of the PSII super complex, Fu et al., 2007) , O 2 -evolving complex, ferredoxin, ferredoxin-NADP + reductase, omega-6 fatty acid desaturase (a membrane-bound enzyme which introduces the third double bond in the biosynthesis of 16:3 and 18:3 fatty acids of the thylakoid membrane; Falcone et al., 1994) , and 14-kDa thylakoid membrane phosphoprotein (tmp14). Most of the PSI and PSII subunit proteins are encoded by the chloroplast genome. Chloroplast transcripts are not polyadenylated and could not be reverse transcribed using the oligo(dT) primer used during target labeling. As a result, none of the chloroplastencoded transcripts were detected. Moreover, the Calvin cycle is catalyzed by 11 enzymes. All but two (aldolase and transketolase) of the Calvin cycle genes were preferentially expressed in the awn (Fig. 3 , Table 1,  Supplementary Table S1 ).
The Awn Is Enriched with Transcripts for Chlorophyll and Carotenoid Biosynthesis
Aft er we determined that the light reaction and the Calvin cycle of photosynthesis were enriched in the awn, we were also interested to know whether genes in the biosynthesis of the light-harvesting pigments (chlorophyll and carotenoids) were overrepresented. Chlorophyll is composed of a porphyrin ring and a phytol tail. Th e phytol tail is an isoprenoid and shares similar initial steps in its biosynthesis with carotenoids (Fig. 4) . Th e immediate precursor for the porphyrin ring is the tetrapyrole protochlorophyllide derived from delta-aminolevulinic acid (ALA; Apel, 2001) . Genes encoding enzymes for the synthesis of ALA from glutamine (glutamyl-tRNA reductase and ALA dehydratase) and its conversion to protochlorophyllide and subsequently to chlorophyllide a (magnesium chelatase and protochlorophyllide reductase) were among those overexpressed in the awn (Table 1) .
Carotenoids are C 40 isoprenoids synthesized from isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). In plants, IPP and DMAPP are produced via the mevalonate-and mevalonate-independent pathways. In the chloroplast, only the mevalonateindependent pathway is active (Phillips et al., 2008) . We found that the awn preferentially expressed genes for the synthesis of IPP and DMAPP through the mevalonateindependent pathway (Fig. 4 , Table 1, Supplementary  Table S1 ). Formation of phytoene from two molecules of geranylgeranyl diphosphate (GGPP) is the fi rst committed step in the biosynthesis of carotenoids. A series of enzymes then channel GGPP into carotenes (carotenoids containing hydrocarbons) and xanthophylls (carotene derivatives containing oxygen). Most of the genes involved in the conversion of IPP and DMAPP to GGPP and then to carotenoids were preferentially expressed in the awn (Fig. 4 , Table 1, Supplementary Table S1 ).
The Awn Overexpresses Genes for Reactive Oxygen Species Scavenging
As the major photosynthetic organ, the awn is susceptible to reactive oxygen species (ROS) produced during the light reaction. To detoxify ROS, the awn Figure 3 . Schematic representation of the Calvin cycle highlighting genes preferentially expressed in the awn. Enzymes encoded by genes overexpressed in the awn compared with the other organs are shown in bold letters, and the reactions they catalyze are shown with thicker arrows. Enzymes encoded by nondifferentially expressed genes are shown with normal letters, and the reactions they catalyze are represented by thinner arrows. Abbreviations for enzymes: ALDO, aldolase (fructose-bisphosphate aldolase); FBPase, fructose-1,6-bisphosphatase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGK, phospho-glycerate kinase; PRuK, phosphoribulokinase; RPE, ribulosephosphate 3-epimerase; RPI, ribose 5-phosphate isomerase; Rubisco, ribulose-1,5-bisphosphate carboxylase/oxygenase; SBPase, sedoheptulose-1,7-bisphosphatase; TKT, transketolase; TPI, triose-phosphate isomerase.
preferentially expressed genes with antioxidative properties (Table 1) . Specifi cally, the awn highly expressed transcripts for detoxifying superoxide radical (O 2 -) and hydrogen peroxide (H 2 O 2 ) via the ascorbateglutathione cycle (Asada, 2006 
Lemma and Palea Preferentially Express Defense Response Genes Compared with the Awn
Aft er determining that the awn preferentially expressed genes for photosynthesis, pigment biosynthesis and ROS scavenging, we were also interested to determine GO biological processes overrepresented in the lemma and palea versus the awn. Th is comparison revealed that the lemma and palea expressed 1658 genes at higher levels than the awn. On the other hand, 995 genes were overexpressed in the awn relative to lemma and palea ( Supplementary Fig. S2 ). We used probe sets preferentially expressed in the lemma and palea relative to the awn for further GO analysis. Th e awn was enriched with GO terms involved in photosynthesis, pigment biosynthesis, and ROS scavenging, similar to the awn-specifi c genes described above (Table 1) . By contrast, the lemma and palea overexpressed probe sets for the GO biological process categories defense response and chromatin assembly (Table 2) . We found 22 defense-related genes that were highly expressed in the lemma and palea compared with only two in the awn. Th ese included ankyrin-like protein, lipase, chitinase, thaumatinlike protein, and NBS-LRR disease resistance genes ( Table 2 ).
The Seed Predominantly Expresses Genes for the Biosynthesis of Storage Reserves, Enzyme Inhibitors and Chromatin Assembly
Several probe sets involved in the biosynthesis of glucans, storage proteins, and enzyme inhibitors were overexpressed in the barley seed during grain fi lling (Table 3, Supplementary  Table S2 ). Th e glucan biosynthesis genes were mainly for starch synthesis. All transcripts required for starch synthesis in the endosperm, including ADP-glucose pyrophosphorylase (AGPase), starch synthase, and starch branching enzymes preferentially accumulated in the seed. Starch synthesis in the barley endosperm begins with cleavage of sucrose by sucrose synthase in the cytosol (Sreenivasulu et al., 2008) . Accordingly, two isoforms of sucrose synthase (sucrose synthase 1 and sucrose synthase 2) were overexpressed in the seed (Table  3, Supplementary Table S3) . Furthermore, to facilitate the distribution of sucrose translocated from the source organs, and that of ADP-glucose from the cytosol into amyloplasts, sucrose and ADP-Glc transporters were preferentially expressed in the seed.
Th e barley seed accumulates several storage proteins during grain fi lling. Accordingly, transcripts for hordeins, hordoendolin, glutenin, germin, gliadin, and serpin were highly expressed in the seed, compared with the lemma, palea, and awn (Table 3, Supplementary Table  S2) . Th e seed also accumulated transcripts for starch degradation enzymes (isoamylase and limit dextrinase) and several enzyme inhibitors, including amylase inhibitors and protease inhibitors.
Th e grain-fi lling stage is characterized by active cell division and cell growth. Th is is marked by increased DNA replication and transcription of genes involved in cell growth and chromatin condensation. Associated with DNA replication and control of transcription, probe sets for all histone protein genes (histone H1, H2A, H2B, H3, and H4) were more highly expressed in the seed than in the lemma, palea, and awn (Table 3,  Supplementary Table S2) .
DISCUSSION
Most studies on gene expression in barley involve leaves or roots. Studies on gene expression of the spike organs are limited, with the exception of the developing seed (Sreenivasulu et al., 2008) . Boddu et al. (2006) studied gene expression in barley spikes infected with Fusarium graminearum. Since the authors were interested to determine genes diff erentially regulated during infection, the entire spike was used in the analysis. Druka et al. (2006) reported gene expression diff erences among 15 tissues in barley, including bracts and the developing seed. However, the authors used pooled lemma, palea, and glumes instead of individual organs and also did not include the awn in the study. As a result, it was diffi cult to discern differences in gene expression among individual photosynthetic organs of the spike. In this study, we compared gene expression at the transcriptome level among the major organs of the barley spike during grain fi lling. Our objectives were (i) to determine whether the photosynthetic organs of the spike (lemma, palea, and awn) exhibit diff erent patterns of gene expression, and (ii) assign a primary function to these organs based on specifi c sets of genes they express. We included the developing seed to get a comprehensive profi le of gene expression in the spike. We found that the lemma, palea, and awn diff erentially express genes that suggest primary functions for each organ.
Lemma and Palea Have Similar Gene Expression Patterns
Th e fi rst important fi nding that emerged from this study is the clustering of lemma and palea in the same group (Fig. 2) . Th is is consistent with the morphological, anatomical, and functional similarities of the two organs. Th e major diff erence between these organs is that the lemma is larger and bears three major veins, whereas the palea is smaller and thinner and contains only two veins (Langer and Hill, 1991) . Other than that, the two structures form the husk and protect the developing kernel. Also, the lemma and palea are photosynthetic organs and supply the seed with carbohydrates. It is thus not surprising to fi nd little diff erence in gene expression between the two organs. Pairwise comparison of gene expression in the lemma and palea identifi ed only 458 and 434 probe sets preferentially expressed in the lemma and palea, respectively ( Supplementary Fig. S2 ). Analysis of GO classes represented by these probe sets did not reveal biological process categories enriched in the lemma vs. palea, suggesting similar functions of the two organs. Only a few genes for defense response (chitinases and a lipid transfer protein), light reaction (chlorophyll a/bbinding protein) and isoprenoid biosynthesis were preferentially expressed in the lemma compared with the palea. In contrast, probe sets for aromatic amino acid biosynthesis, glycolysis, and cell wall biosynthesis were preferentially expressed in the palea relative to the lemma.
Clustering of the lemma and palea in a separate group is consistent with that reported by Druka et al. (2006) , who showed clustering of bracts (lemma, palea, and glumes) in a single clade among 14 other organs of barley. Because the awn is an extension of lemma, one would expect it would fall in the same cluster with the lemma. However, the awn is morphologically and anatomically diff erent from the lemma (Duff us and Cochrane, 1993) ; hence, it expressed a diff erent set of genes and formed its own cluster (Fig. 2) . Th e same holds true for the seed, which, as a storage organ that contains the embryo, showed a diff erent gene expression pattern from the rest of the spike organs and was placed in a third cluster by itself (Fig. 2) . Table 2 . Major gene ontology (GO) biological process categories represented by genes preferentially expressed in the lemma and palea compared with the awn. Representative probe sets and their expression (fold-change) in the lemma (L) and palea (P) compared with awn (A) and seed (S) are also included. GO Fig. 3 and 4) . Th e light reaction takes place in the thylakoid membrane. Many components of the light reaction were overexpressed in the awn, including PSI and PSII reaction center subunits, chlorophyll a/b-binding proteins and the O 2 -evolving complex (Table  1, Supplementary Table S1) . Th e energy and the reducing power (ATP and NADPH) produced during the light reaction drive the fi xation of CO 2 into carbohydrates via the Calvin cycle. Transcripts for 9 of the 11 enzymes in the Calvin cycle were more prevalent in the awn than the lemma, palea, or seed (Fig. 3) . Especially important was the fi nding that all genes that catalyze the irreversible reactions in the regeneration phase of the Calvin cycle (ribulose-1,5-bisphosphate carboxylase/oxygenase, fructose-1,6-bisphosphatase, sedoheptulose-1,7-bisphosphatase, ribose 5-phosphate isomerase, and phosphoribulokinase) were overexpressed in the awn (Fig.  3) . Th ese irreversible steps are considered potential targets for Selected gene ontology (GO) biological process and molecular function  classes over-represented (false discovery rate < 0.05) in the seed. Representative  probe sets and the corresponding expression values (in fold-change) in the seed  (S) compared with the lemma (L), palea (P) and awn (A) improving the photosynthetic effi ciency of crops (López-Jaramillo et al., 1997) . Activity of the Calvin cycle enzymes fructose-1,6-bisphosphatase, aldolase, phosphoribulokinase, sedoheptulose-1,7-bisphosphatase, and the NADP-dependent glyceraldehyde-3-phosphate dehydrogenase is strictly regulated by light-induced covalent modifi cations involving the ferredoxin/thioredoxin system (Buchanan et al., 2000; Schurmann and Jacquot, 2000; Buchanan and Luan, 2005) . Th e key player in this system is the enzyme ferredoxin-thioredoxin reductase (FTR), which was highly expressed in the awn. Ferredoxin-thioredoxin reductase catalyzes the reduction of oxidized thioredoxin by reduced ferredoxin, which was also overexpressed in the awn. During the day, reduced thioredoxin reduces the cysteine residues in the disulfi de bonds of target enzymes. Th e reduction causes conformational changes and activates the Calvin cycle enzymes, favoring synthesis of carbohydrates (Buchanan et al., 2000; Schurmann and Jacquot, 2000; Buchanan and Luan, 2005) . During night, the Cys residues in the regulatory disulfi de bonds are oxidized and the enzymes are inactivated.
Besides increased expression of genes for the light reaction and the Calvin cycle, the awn was also enriched with GO terms for the biosynthesis of chlorophyll and carotenoids (Table 1, Fig. 4) . Th e porphyrin ring and the phytol tail of chlorophyll are derived from two diff erent pathways. Th e porphyrin ring is synthesized from porphobilinogen through the tetrapyrole biosynthesis pathway. Th e precursor delta-aminolevulinic acid (ALA) is rate limiting for the entire pathway (Apel, 2001) . Both glutamyl-tRNA reductase and ALA dehydratase were preferentially expressed in the awn (Table 1) to ensure availability of ALA for the synthesis of porphobilinogen. Th rough a series of reactions, porphobilinogen is converted to protochlorophyllide, the immediate precursor of chlorophyllide a. Protochlorophyllide is photosensitive. Upon illumination it transfers the excitation energy to O 2 , producing a highly reactive singlet oxygen ( 1 O 2 ). To minimize accumulation of photoexcited protochlorophyllide, the awn overexpressed protochlorophyllide reductase, which immediately converts protochlorophyllide to chlorophyllide a (Schoefs and Franck, 2003) . Th e awn also highly expressed magnesium chelatase to incorporate Mg 2+ into the porphyrin ring. Th e phytol tail of chlorophyll is an isoprenoid and follows a similar pathway for the synthesis of carotenoids up to geranylgeranyl diphosphate (GGPP; Fig. 4 , Table 1) .
Th e isoprenoids, IPP and DMAPP, are the major precursors for the synthesis of carotenoids and the phytol tail of chlorophyll. Th e awn overexpressed several genes for the synthesis of IPP and DMAPP in the chloroplast via the mevalonate-independent pathway (Phillips et al., 2008) . Th ese simple precursors are converted into GGDP, which is ultimately used in the biosynthesis of carotenoids, phytol, and many other isoprenoids (Fig. 4) . Th e awn also expressed several genes that convert GGPP to carotenes and xanthophylls. Overexpression of several of the genes in the mevalonate-independent pathway as well as those in the actual synthesis of carotenoids and chlorophyll allows the awn to harvest more light energy than the other organs of the spike. Preferential expression of multiple genes for light harvesting, the light reaction and the Calvin cycle can explain the high rate of photosynthesis previously measured in the awn (Ziegler-Jöns, 1989; Jiang et al., 2006 (Asada, 2006; Halliwell, 2006 Halliwell, 2006; Møller et al., 2007) . Reactive oxygen species are highly reactive and cause oxidative damage to lipids, proteins, and nucleic acids (Asada, 2006; Halliwell, 2006; Møller et al., 2007) . Th ey must be detoxifi ed promptly to protect the thylakoid membrane and the photosynthetic proteins.
As the major photosynthetic organ of the spike, the awn is prone to produce ROS during illumination of chloroplasts. Consequently, the awn preferentially expressed genes for nonenzymatic and enzymatic removal of ROS in the chloroplast. Th e nonenzymatic antioxidants include carotenoids and ascorbate. Besides the absorption of light energy for photosynthesis, preferential accumulation of carotenoids (Table 1 , Fig. 4 ) protects plants from light-induced oxidative damage. Carotenoids directly react with energetically active 1 O 2 and dissipate excess excitation energy as heat (Halliwell, 2006; Møller et al., 2007) . Moreover, carotenoids can dissipate excess light energy through the reversible conversion of violaxanthin to zeaxanthin via the xanthophyll cycle (Asada, 2006; Halliwell, 2006; Fig. 4) . Violaxanthin de-epoxidase and zeaxanthin epoxidase, which were highly expressed in the awn, are key enzymes of the xanthophyll cycle. Th e xanthophyll cycle accounts for 70% of total nonphotochemical quenching of excitation energy during the light reaction (Niyogi, 1999) .
Th e predominant genes overexpressed in the awn for enzymatic removal of ROS include the chloroplast Cu/Zn-superoxide dismutase (Cu/Zn-SOD), ascorbate peroxidase, thioredoxin reductase, and monodehydroascorbate reductase (Table 1) . Th ese enzymes are components of the ascorbate-glutathione cycle, which removes O 2 -and H 2 O 2 produced during the electron transport chain of the light reaction (Asada, 2006 
Lemma and Palea Are Primarily Protective Organs
Th e preferential expression of photosynthesis and ROS scavenging genes in the awn, compared with the lemma and palea, does not discount the importance of the latter in grain fi lling. In a previous study using cDNA macroarrays, we showed that the lemma and the palea preferentially express genes for photosynthesis and nitrogen metabolism compared with the fl ag leaf (Abebe et al., 2004) . Th us, even though a larger portion of the carbohydrate is derived from the awn, lemma and palea can still supply the developing seed with carbohydrates. In particular, the lemma and palea could be the major photosynthetic organs of the spike in those varieties that lack awns (Motzo and Giunta, 2002) . Th is raises a question as to the primary role of the lemma and palea if they are not the major photosynthetic organs in varieties with prominent awns. Previously, we showed that the lemma and palea preferentially express defense-related genes, compared with the fl ag leaf (Abebe et al., 2004) . In the present study, we also found that compared with the awn, the lemma and palea highly express genes for defense response. Th ese include chitinases, thaumatin-like proteins, ankyrin-repeat zinc fi nger proteins, α-purothionin-like proteins, and trypsin inhibitors (Table 2) .
We noticed that compared with the awn, the lemma and palea preferentially expressed genes for chromatin condensation, especially histone H2a (Table 2) . Histone proteins are involved in the transcriptional control of various processes. Histone H2A.Z, a variant of histone H2A, is important for disease resistance and activation of systemic acquired resistance (March-Díaz et al., 2008) . Caldo et al. (2004) also showed that histone H2B.2 is induced during Mla-specifi ed Rar1-dependent interaction in barley in response to powdery mildew. Diff erential expression of histone genes in the lemma and palea compared with the awn may suggest the former are programmed for protection. Overexpression of defense-related genes leads to the conclusion that the primary role of the lemma and palea is to provide protection to the developing seed, with a secondary role of providing assimilates.
The Seed Is Enriched with Transcripts for the Biosynthesis of Starch, Storage Proteins, Enzyme Inhibitors, and Cell Proliferation
In contrast to the photosynthetic organs, which overexpressed genes for photosynthesis and pigment biosynthesis, the barley seed accumulated transcripts for the biosynthesis of starch, storage proteins, enzyme inhibitors, and cell proliferation (Table 3 and Supplementary  Table S2 ). Starch biosynthesis takes place in amyloplasts with the concerted action of three enzymes, all of which were preferentially expressed in the seed: ADP-Glc pyrophosphorylase (AGPase), starch synthase (SS), and starch-branching (BE) enzymes ( James et al., 2003; Hannah, 2007) . In addition, the seed also highly expressed the sucrose degrading enzyme, sucrose synthase (Table  3, Supplementary Table S2 ). During grain fi lling, sucrose from the source organs is cleaved by sucrose synthase. Th e resulting fructose and UDP-glucose are subsequently converted to ADP-glucose (ADP-Glc) by AGPase in the cytosol (Beckles et al., 2001) . ADP-Glc is imported into amyloplasts through an ADP-Glc transporter in exchange for ADP (Bowsher et al., 2007) to initiate starch synthesis. Consistent with the need for a transporter for ADP-Glc, the developing seed overexpressed Brittle 1-like adenylate translocator (ADP-Glc transporter).
Based on solubility in extraction buff ers, cereal seed proteins are classifi ed into albumin, globulin, prolamin, and glutelin (Bean and Lookhart, 2000) . We found that during grain fi lling, barley seeds preferentially accumulate transcripts for prolamins (hordeins and gliadins), glutelins (glutenin), hordoendolin, germin, and serpin (Table 3, Supplementary Table S2 ). Prolamins, which contain a high proline and glutamine content, and glutelins make up 80 to 85% of the total protein in barley and wheat (Bean and Lookhart, 2000) .
In agreement with previous studies (Finnie et al., 2002) , the barley seed preferentially expressed many enzyme inhibitors, such as α-amylase and protease inhibitors. Amylase inhibitors overexpressed include Hageman factor inhibitor (deactivates α-amylase) and limit-dextrinase inhibitor, a potent inhibitor of the starch debranching enzyme limit dextrinase (Stahl et al., 2004) . Th e protease inhibitors highly expressed include cystatin (a cysteine protease), trypsin inhibitor (a serine protease), and a bifunctional α-amylase/trypsin inhibitor (Table 3, Supplementary Table S2 ). Moreover, the storage proteins serpin and hordoindoline inhibit proteases (Darlington et al., 2001) . We also found that the starch degrading enzymes α-amylase, β-amylase, α-glucosidase, isoamylase, limit dextrinase, and starch phosphorylase were overexpressed in the seed compared with the lemma, the palea and the awn (Table 3, Supplementary Table S2) . Accumulation of enzyme inhibitors in the developing seed can prevent untimely degradation of starch and storage proteins during grain fi lling by endogenous amylases and proteases. In addition to the protection provided by the lemma and the palea, enzyme inhibitors can provide an additional layer of protection from insects. Enzyme inhibitors prevent digestion of stored carbohydrates and proteins by inactivating α-amylases and proteinases in the digestive juices of insects (Franco et al., 2002) .
Packaging of DNA into nucleoprotein complexes is vital for cell division and the control of gene expression. A substantial amount of new histone proteins is synthesized to maintain the condensed chromosome structure during cell division (Huh et al., 1995) . We found that the seed overexpressed all histone proteins (H1, H2A, H2B, H3, and H4), suggesting that active cell division was taking place during grain fi lling. Furthermore, histone proteins are required for regulating expression of the thousands of genes overexpressed in the developing seed.
CONCLUSIONS
We have shown that the awn expresses photosynthetic genes at a higher level than the other spike organs, which explains the increased rate of photosynthesis reported in this organ previously (Ziegler-Jöns, 1989; Jiang et al., 2006) . In addition, we presented evidence that the lemma and the palea predominantly express defense response genes indicating that their primary role is to protect the seed. By contrast, the seed, as a storage organ, is enriched with transcripts for accumulation of starch, storage proteins, enzyme inhibitors, and cell proliferation. Th ese results provide valuable information about gene expression in the barley spike that could be exploited to improve yield in cereals. We recognize that the diff erential gene expression observed at the whole organ level does not indicate spatial diff erences. As a result, diff erences observed in expression of photosynthesis genes between the awn and the lemma and palea could be due to variations in the number of photosynthetic cells rather than changes in transcript abundance per cell. Laser capture microdissection (Brooks et al., 2009 ) is a good alternative to determine changes in transcript abundance among tissue or individual cells.
